ABSTRACT: During their first year in the Wadden Sea, high proportions of the tidal-flat populations of the telhnid bivalve Macoma balthica (L.) redistribute twice: immediately after their settlement in late spring, the postlarvae show a net transportation in a shoreward direction -whereas in the subsequent winter, the grown spat move in the reverse direction. As a consequence of these two periods of high mobihty, distribution patterns shift twice: though initial settlement takes place mainly in the lower half of the intertidal, most spat grow to a size of ~-0.5 cm in the upper half of it, whereas most adults live in the middle and lower zones. The successive distribution patterns of spat and older Macoma are described in detail for Balgzand, an extensive tidal-flat area in the westernmost part of the Wadden Sea. Long-term observations in this area and pubhshed evidence from other areas are used to evaluate the suitability of different tidal zones as a habitat for successive life stages of Macoma. For spat, the upper zone is a more favourable habitat than the lower, because predation pressure (mainly from shrimp) and disturbance are less and growth is more rapid. For adults, the upper parts are no longer a favourable habitat, because the few animals that stay suffer from high parasite load, low survival, slow growth and low reproductive output, tt is concluded that in their successive life stages the majority of M. balthica live at the intertidal level most favourable to them. The strategy of timely shifts tO areas more suitable to the next life stage contributes to the success of the species: it is the most widespread and common (and one of the most stable) macrozoobenthic species in the Wadden Sea.
INTRODUCTION
In many animal species, young life stages demand an environment that is different from that of the adults. Juvenile habitats are often more speciahzed. Hence, their distribution is more restricted than that of adults. In particular, the need for spatial refuges from predation is more acute in the more vulnerable (smaller)juveniles (Wahle & Steneck, 1992 , and examples therein). On tidal flats predation pressure on juvenile macrofauna is heavier in the lower than in higher parts (Reise 1983 In several macrobenthic species of the tidal flats of the Wadden Sea the highest densities of juveniles are indeed found in the higher parts of the tidal fiats; the less vulnerable adults of the same species are common over a wider depth range, and more abundant in lower parts, than the juveniles. This is so, for example, in the lugworm Arenicola marina (Farke et al., 1979; Dankers & BeukeIna, 1983) , the shore crab Carcinus maenas (Klein Breteler, 1976) , the brown shrimp Crangon crangon (Janssen & Kuipers, 1980; Beukema, 1992a) and the bivalve Macoma balthica (Beukema et al., 1978; Dankers & Beukema, 1983) .
M. balthica (L.) is one of the most successful species of the Wadden Sea. It occurs at relatively high densities (tens or hundreds per m 2) on nearly all tidal flats (Beukema, 1976; Dankers & Beukema, 1983) and in subtidal areas (Dekker, 1989) . In rnacrozoobenthos samples from the Wadden Sea, it is the most common species -both ir~ the intertidal (Beukema, 1976) and in the subtidal (Dekker, 1989) . Areas of high abundance include a wide range of sediment types and depths (Dankers & Beukema, 1983 ). However, not all age groups are to be found at high densities in all coastal areas. Initial settlement of postlarvae in spring (at a size of < 0.5 ram) takes place mainly in the lower half of the intertidal (Armonies & Hellwig-Armonies, 1992) . A few months later, the juveniles (with a shell length between 0.1 and 1 cm) occur in maximal numbers on the higher tidal fiats, around or above mean tide level (MTL) (Dankers & Beukema, 1983; Armonies & HellwigArmonies, 1992) . However, animals of 1 year or older (mostly sized between 1 and 2.5 cm) are more evenly distributed over all types of tidal flat and the shallow subtidal (compare the two parts of Fig. 20 of Dankers & Beukema, 1983) .
The differential distribution of the successive age groups of M. balthica poses questions on both causative mechanisms and functional aspects. The accumulation of juveniles (spat) on high (coastal) tidal flats appears to be caused by the passive settlement of pelagic postlarvae on the sediment in quiet areas (but mostly at low intertidal levels) combined with high mobihty in the earliest bottom stages, resulting in net shoreward moves to areas with higher intertidal levels (Ratchffe et al., 1981; Gfinther, 1991; Armonies & Hellwig-Armonies, 1992) . The more even and widespread distribution of adults appears to be largely a result of subsequent offshore movements of juveniles during a second period of high mobihty in' their first winter (Fig. 1 ). During winter, numerical densities of juvenile Macoma rapidly decline on high (coastal) tidal flats, which at the same time increase on low (offshore) tidal flats (Wolff & de Wolf, 1977; Beukema et al., 1978) and in the subtidal (Kleef & Essink, 1982; Beukema & de Vlas, 1989) . During winter, juveniles with a shell length between about 2 and 8 rnm are found in high numbers in the water, particularly at ebb tide (Beukema & de Vlas. 1989 ). This off-shore winter migration involves active behavioural components: as a response to lowered ambient temperatures they leave the sediment and protrude their foot (S6rlin, 1988) . In moving water, they form long mucous threads This significantly promotes their drag and thereby their chance to be carried away by currents. Their suspended stay in the water column is also lengthened (Beukema & de Vlas, 1989) , and consequently the distance covered before sinking again to the bottom. By thread drifting, young bottom stages (up to a size of about 9 mm] of Macoma are transported by tidal currents over distances up to some tens of km (Beukema & de Vlas, 1989) . As many more are present in the water at ebb rather than at flood tides, the net transport in winter is in an offshore direction, resulting in a shift to lower intertidal and even subtidal levels.
Such migratory behaviour must be adaptive: it cannot have evolved without a function. The main question addressed in the present paper is: how do tidal zones differ in their suitability as a habitat for the successive life stages of M. balthica? In other words: what are the advantages, to the youngest (first-summer) bottom stages, of concentrating in the higher parts of the tidal flats and what are the disadvantages of sta~g there as adults?
An extensive data set is available from regular samphng of bottom fauna of Balgzand, a tidal-flat area in the Wadden Sea. The 15 sampling stations cover various types of (top) shoreward migration of the very small newly-settled posflarvae immediately after settlement in late spring, and:(bottom) offshore migration of-0.5-cm long spat in winter i after stay of abo~t 7 tol0 months at high tidal flats sediment and the entire intertidal range. Data on numerical densities of the age classes of ?r can be used for detailed comparison of distribution patterns of juveniles and adults, and to study changes in distribution patterns of cohorts. Moreover, rates of both survival and growth in different areas can be calculated and compared to see whether stayers or movers are at an advantage. The same sampling programme provides data on environmental conditions in the various areas, including abundance estimates of interacting species. Such data can help explain local differences in survival and growth of hi. balthica and thus define the optimal habitats for its successive life stages. Fig. 2 ) arranged according to distance from the SW coast (in km, horizontal axis) and intertidal level (dm + or -DOL, which is close to MTL, see Fig. 4a ). Note that transects-2 and -3 together cover nearly the entire intertidal range within about 0.1 and almost 2 km from the coast without much overlap (depicted in detail in Fig. 4a) and -3 will be dealt with separately, because together these two neighbouring transects cover nearly the entire intertidal depth range (from almost +4 to nearly -9 dm; see Fig. 4a} . For comparison, the same data are shown for the remaining 13 stations (and not for the complete set of 15 stations} to obtain two independent data sets. These stations cover an even wider depth range: from +5 to -10 dm. Since 1973, the stations have been sampled annually in a uniform way, both in late winter (mostly in March} and in late summer (mostly in August}. In the present paper, only the summer data are used. Sampling procedures have been described in detail in earher papers {e. g. Beukema, 1974) . In short: cores were taken and sieved in the field on l-ram mesh screens, thus retaining only those Macoma with a shell length of over 1.5 to 2 ram.
MATERIAL AND METHODS

Detailed data
Along the transects, 50 sediment cores were taken at equal intervals (20 m), but 5 successive cores were lumped together in a sample representing a 100-m stretch. Each of these 100-m samples covered 0.045 m u. Within the squares, 9 or 16 cores were taken. Altogether, there were 125 samples of 5 cores each, which were allotted to 16 depth classes (+5 to -10 dm). In the following, all numerical densities are expressed in n.m-2 and are usually averages of 19 estimates (viz. the 19 years 1973-1991) . Survival is estimated from changes in numerical densities of the same (groups of) year classes. It is expressed as z (= In n~/n0).
In the laboratory, the samples were sorted. Macoma was sorted to age class, according to the number of winter marks on the shell. This can be done accurately up to an age of about 5 years (Lammens, 1967] . Thus, density data are available for 5 successive age classes for 125 samphng stations. Averages are shown for 0-group (spat}, 1-group and all older animals together (2+-group).
Alter lumping together the samples from each transect or square, all individuals of each of the age classes distinguished were measured to the nearest mm. The soft parts were removed from the shells and dried and ashed per mm group (shell length L in mm}. In this way, data were obtained for ash-free dry weight (APDW, W in mg} for 15 stations and 19 years. A condition factor (CF) was calculated from W.L -3. Summer data were used for CF of animals of the 2+-group.
Annual growth rates were estimated from Increments in shell length during their second season of growth. The raw data obtained were corrected, to compensam for differences in initial length, according to Beukema et ai. (1977}. The corrected length increment (LINe) is expressed in mm and represents the average annual increase in shell length of an animal exactly 6 mm long at the start of the growing season.
Statistical methods apphed included the t-test (if the distribution of the data was approximately normal} or, in other cases, non-parametric tests such as the Spearman rank correlation test (to evaluate trends} and the Wilcoxon or Mann-Whitney U-test {to evaluate differences in level}.
RESULTS
Differential distribution patterns of successive age groups
O-group Macoma
In late summer (August} the numbers ot spat were invariably higher in the samples from the upper half of the intertidal than in the samples from the lower intertidal. The zone of generally high densities of spat included all of transect-2 and the coastal part of transect-3 ( Fig. 4b) , i.e. the range of intertidal levels between about +3 and -2 dm (compare Fig. 4a ). At more offshore locations, spat densities rapidly declined with the increasing depth. Along these two transects, the mean spat densities were positively correlated with intertidal level (Spearman's r=+0.87, p<0.001). In the upper half of the combined transect-2+3, spat densities were roughly an order of magnitude higher than at the 100-m stretches close to mean low-water level (MLW). The standard errors shown in Fig. 4b clearly show that such differences were highly significant statistically. The data from the other samphng stations (10 transects plus the 3 squares) corroborate the general distribution patterns of high densities of spat in a zone above and around MTL, and low densities at lower intertidal levels (-3 dm and lower, Fig. 5a ). Below and around MLW (-8 to -10 dm), spat densities were even two orders of magnitude lower than above and around MTL. The standard errors included in Figure 5a show such differences to be highly significant. Around mean nigh-water level (MHW) (samples taken at about +5 dm), spat densities were also relatively low. Thus the samples taken along this full intertidal depth range showed maximal densities of spat at a restricted intertidal depth range, extending from about +4 dm down to about -2 dm (i.e. the higher half of the intertidal zone), where densities were on average above 500 per m 2.
The densities shown in Figure 5a are 19-year averages. Over most of the intertidal range, they are dominated by the 5-year data with a higher-than-average recruitment (450 to 1300 spat per m2), whereas the data from the remaining 14 years, with only ~100 to ~300 spat per m 2, play a minor role. The distribution patterns of spat in these two groups of years were clearly different. In each of the 5 years having a successful recruitment, high densities of spat (> 500.m -2) were observed in a broad zone extending from +3 to -5 dm (Fig. 5b) . In the other 14 years, the zone of high densities of spat was much narrower, and densities of >500.m -2 were restricted to relatively high intertidal levels: +4 to +2 dm. At all intertidal levels below +2 din, spat densities were significantly (p < 0.01) higher in the group of the 5 successful years than in the other years. Above this level, however, these differences were all non-significant (p> 0.05). Thus in "poor" years, numbers of spat were reduced at all levels lower than about +2.5 dm (Fig. 5b) . In a tidal-flat area in the eastern part of the Dutch Wadden Sea, Zwarts {1988, Pig. 4.26) observed a similar phenomenon.
1-and 2 +-group Macoma
The densities of older Macoma along transects -2 and -3 showed a pattern that dearly differed from that of the spat. Both in the 1-year-old and in the 2 + age groups, the numbers were almost equal at all distances [rom the coast (Fig. 4c) , i.e. at all levels from about +3 to about -8 dm. If there was any relationship with level, such a relationship for adults was the reverse of that for spat (compare Figs 4b and 4c) . The negative correlation with intertidal level was statistically significant in the 2+-group only (r =-0.73 p < 0.01) and not in the 1-group. Nevertheless. the distribution pattern of the 1-group resembled that of the 2+-group rather than that of the spat (compare Fig. 4b and the two hnes in Fig. 4c) .
The data from the other stations, with a complete intertidal depth range, corroborate the similarity of the distribution patterns of 1-and 2+-group h4acoma. The two groups were abundant at a broad depth range, extending from +3 to -7 dm (Fig. 5c ). Densities were lower at the extreme levels, both near the nigh-water (HW) mark (+4 and +5 dm} and near the low-water (LW) mark. The very high levels of +4 and +5 dm were not covered by transect-2 (compare Fig. 4 ). Compared to the distribution patterns observed along transect-3 (Fig. 4c) , the densities of 1-and 2+-group Macoma were relatively low near the LW mark (-8 to -10 din) in the other Balgzand areas (Fig. 5c ). These areas are generally sandier and more exposed (to strong currents by tides and wind) than the relatively sheltered near-coastal area of transects-2 and -3. The patterns shown in Figure 5c are more widely applicable for Macoma distribution than those of Figure 4c .
Differences between the distribution of O-group and older Macoma
Distribution patterns of 1-and 2+-group Macoma were similar (see above), but differed from those of spat, particularly at the lower intertidal levels. The older age groups remained relatively abundant down to -7 or -8 dm (Figs4c and 5c) , whereas high densities of spat did not usually extend below -2 dm or (in successful years) -5 dm (Fig. 5b) .
The difference between the successive distribution patterns of spat (as shown in Figs4b; 5a, b) and older age groups (see Figs4c, 5c) can be expressed quantitatively as a "survival" ratio, viz. as the quotient of number of 1-year-olds found in year-1 divided by the number of spat in year-0 at the same place. Fig. 6 shows such ratios separately for the data of the 5 strong year classes (born in 1979, 1984, 1985, 1987, and 1991) and for the other 14 year classes of the 1973-1991 period. The lower the level of the sampling place, the higher this ratio was for both data sets (p < 0.001 and p < 0.001, Spearman test). Near MLW, some ratios were even above 1.0, indicating increasing densities. Immigration apparently overruled mortality at these low intertidal levels.
Differential mortality at various intertidal levels
Reliable estimates of mortahty during the first year of life of Macoma cannot be derived from density changes at any place, because young benthic stages show mass movements both during their first summer (Annonies, 1992) and during their first winter (Beukema & de Vlas, 1989} . After their first-winter migration, however, the then 1-yearold animals appeared to stay in (almost) the same place. Observations (own, unpubhshed) of repopulation rates of depopulated areas clearly show that 1 + ?r rarely migrate over distances of more than about 1 m. Thus, genuine mortality rates during the second and following years can be estimated from changes in local density.
Annual mortahty rates were calculated as z values for all 15 samphng stations and for all 19 years (1973-1991} for 1+ as compared to 2+ numbers one year later. Average annual mortality rates were higher in high than in low intertidal ares {Pig. 7: r= +0.68, p<0.02, n=15, Spearman test). The consequence of the correlation between lower annual mortahty and increasing depth can be seen in Figs4c and 5c: with increasing depth, the numbers of old {2+) animals became gradually higher than those of the 1-year-olds.
Z (y")
Differential growth at various intertidal levels
Precise growth rates are difficult to assess in spat, again because of the high proportions that migrate. Moreover, as only data from 1-mm sieves are available, I refrain from presenting data on growth rates of Macoma of spat size.
Thus, only estimates of growth during a later growing season (in this case the second one) will be presented. Length increase during the second season of growth was generally less above than below MTL (Fig. 8a) : Inspection of the standard errors reveals that growth rates at the two highest stations were significantly lower than those at all Condition factors in August showed the same trend with intertidal level (Fig. 8b} , but the trend was hardly significant (r = -0.52, p-0.05, n = 15}. As expected from the above two correlations, growth expressed in weight units also increased from high to low intertidal levels. As weight changes with roughly the third power of length, differences in weight increase were more spectacular than those expressed in length units. At the highest stations, mean growth rates in weight units were only about half of those observed in the lower half of the intertidal (viz. about 12 vs 24 mg AFDW during the second season of growth}.
DISCUSSION
First-summer Macoma
According to Gfinther (1991) and Armonies & Hellwig-Armonies (1992) , the distribution pattern of Macoma spat in the Wadden Sea in summer and autumn is a result of initial larval settlement (mainly May-June), taking place mostly in the lower intertidal, followed by a net shoreward transportation to higher intertidal areas, where posflarval densities continue to increase after settlement. Ratcliffe et al. (1981) observed a similar shoreward shift, during summer, in the Humber estuary. Postlarvae remain highly mobile during the first weeks (maybe even months) after the first settlement. It appears unlikely that they are transported directly to higher areas. Most probably, there is a process of settlement and re-suspension several times in succession at various levels, during the course of which settlement grows more permanent at the upper levels. From this viewpoint, postlarvae do not show a real migration, but rather experience passive transportation(s) by tidal currents, the net result being a shoreward shift in the distribution pattern. Anyhow, in the second half of the year, maximal spat densities are observed at the upper tidal flats. This distribution pattern of more or less full-grown spat has been observed not only at Balgzand (Figs 4b, 5b ), but also in other parts of the Dutch, German and Danish Wadden Sea (Thamdrup, 1935; Obert, 1982; Wilkens et al., 1983; Zwarts, 1988) and elsewhere (the former Grevehngen estuary: Wolff & de Wolf, 1977 ; the Wash: Reading, 1979) .
The following environmental factors would affect Macoma spat differently at high versus low intertidal flats: P h y s i c a 1 s t r e s s. In most of the Wadden Sea, low tidal flats are situated farther away from the shore than high flats. Accordingly, the low flats are generally more exposed to wave action and tidal currents than the higher flats. In the more exposed Wadden Sea areas, the early postlarvae of h/Iacoma are hardly bigger than a mediumsized sand grain (150-200 ~tm). Normal life-functions would hardly be possible for small Macoma (which have to live in the uppermost sediment layer) if surrounding sand grains of such a size were moving by currents from wave-action and tides. Such areas appear to be more suitable as a habitat for adults -which can hve in deeper sediment layers because of their longer siphons. Initial spatfall appears to be low on exposed coarsegrained sediments (Armonies & Hellwig-Armonies, 1992 ) and the settled postlarvae will either be passively moved or stimulated by the water movement to leave the sediment (cf. SSrhn, 1988). They will subsequently be transported by tidal currents (with the help of long threads) to other quieter areas with finer sediments.
B i o 1 o gi c a 1 d i s t u r b a n c e. Results of experiments by Ratcliffe et al. (1981) indicate that adult Macoma make their spat more vulnerable to movements by water currents, though the exact mechanism is unknown. It might just be a loosening of the sediment surface structure. Sediment structure is mainly changed by re-working activities of the lugworm Arenicola marina (Cadge, 1976) . Field experiments involving manipulation of lugworm abundance showed that the presence of lugworms in densities of about 30 or more per m 2 has a significantly negative effect on the abundance of Macoma of spat size (Flach, 1992) , Such high densities of adult lugworms hardly ever occur above MTL, b~t are frequent at tidal flats below this level (Figs 3 and 4 of Beukema & de Vlas, 1979) . The highest densities of adult Macoma also occur at elevations below MTL {Fig. 5c).
G r o w i n g c o n d i t i o n s. Armonies & Hellwig-Armonies (1992} observed a more rapid increase in mean length of Macoma spat at their upper, than at their lower, samphng stations. Though changes in mean size may not reflect real growth rates {because high proportions of the animals migrate}, in this case the possible bias would probably work in the opposite direction {small animals migrating in an upward direction). It is therefore justified to conclude that growth rates in spat are higher at high than at low intertidal levels. Observations on Balgzand {Dekker, pers. comm.} corroborate this view.
P r e d a t i o n p r e s s u r e. During the main settlement period of Macoma (May in the Wadden Sea}, the most important predator on small tidalflat benthos appears to be the shrimp Crangon crangon. Densities of small shrimp on the tidal flats have rapidly reached high levels by May already, particularly after mild winters (Beukema, 1992a) . Keus (1986} observed Macoma spat of 41 mm length in the stomachs of small (1-2 cm} shrimps on Balgzand. He found individual shrimp to eat such quantities of spat that the former would generally be able to drastically reduce the abundance of h/Iacorna spat. However, neither in all years nor at all intertidal levels would shrimp densities be high enough for such a reduction in spat numbers. At the highest tidal flats {+3 dm or higher}, shrimps were hardly ever found. At levels around MTL {+2 to -3 dm}, nearly all those observed were small (< 2 cm} and their biomass values on the whole rather low. Higher biomass values were generally observed in the lower half of the intertidal (Fig. 9) , where larger shrimps were also present, particularly in areas imperfectly drained at low tide. This distribution pattern of shrimp would mean that Macoma spat always find a refuge 
o~r ~4
frequefitlr con~cted)data station from shrimp predation at the highest tidal flats (at about +2 dm and higher). They would also be relatively safe at levels around MTL in years with low shrimp abundance. The data on spat abundance in late summer corroborate this view. Spat densities were invariably high (several hundreds per m 2) at levels between +4 and +2 dm and nearly always low (some tens or less per m 2) at levels below -7 drn (Fig. 5b) . At intermediate levels, spat densities were only high in exceptional years (broken line in Fig. 5b} . Detailed data on shrimp abundance are available for only 11 years (cf. Beukema, 1992a) . They do indeed point to relatively low shrimp abundance in years with high spat densities. Mean shrimp biomass in the last decade of Mays (probably the most important settlement period for Macoma) amounted to 63 -4-14 mg.m -2 in the 5 years having high spat densities in a broad intertidal range, and to 147 + 25 mg.m -2 in the 6 years where the more frequent pattern of high spat densities was restricted to high intertidal levels (no detailed shrimp data are available for the 8 other years included in Fig. 5 ). Thus, Macoma spat appears to be able to survive at intermediate intertidal levels only in years with low shrimp abundance. In most years, however, only the highest zone appears to be a safe area for Macoma spat. The generally Observed distribution pattern of spat in late summer (solid line of Fig. 5b : high densities restricted to a narrow high zone) thus appears to be a net results of both tidal-current transportation (which may be undirected) and a low survival of postlarvae settling at lower elevations.
Older Macoma
In their first winter. Macoma redistribute by thread-drifting (S6rhn, 19881 Beukema & de Vlas, 1989) . This winter migration of spat is clearly separated from the postlarval summer move by a long autumn period without thread-drifting activity (Beukerna & de Vlas, 1989) . The new distribution pattern established during late winter remains permanent. After the winter migration, the distribution in the intertidal is more even than before, the average distance from the coast has increased, and the average intertidal level has lowered accordingly (compare Pig. 4b with 4c, and Fig. 5a with 5c ). Similar shifts of Macoma distribution patterns between the age of 0 and 1 year have been observed by Reading (1979) in the Wash, and can be derived from data presented for the Danish Wadden Sea by Thamdrup (1935, Table 13 ). Only low proportions of the originally high numbers of spat at the" higher intertidal levels remained there (Fig, 6) . At the lower extreme of the intertidal depth range, the populations near MLW must have originated almost completely from the immigration of full-grown spat in winter (as is the case with subtidal areas: Beukema & de Vlas, 1989}. For the few Macoma remaining at the highest intertidal levels, the habitat (so favourable for them during their first summer} ist no longer optimal. Lower intertida] areas appear to be a better habitat for adult Macoma in the following respects:
M o r t ali t y. Mean annual survival of adults was higher at low than at high intertidal levels (Pig. 7). The cause of this difference is unknown, but predation by wader birds might play a role, as the time available for their feeding is longer at high than at low intertidal levels. Another cause might bethe higher proportions of adult Macoma bearing parasites at high, than at low, levels {Hulscher, 1973; Swennen & Citing, 1974; him & Green, 199t) . Parasitized Macoma appear to suffer high mortality (Hulscher, 1973}. Another cause of enhanced mortality might be the occasional exposure for over-lonq periods to sub-lethal temperatures on hot days. Such high temperatures (>30~ will occur more frequently and for longer periods on high than on low tidal flats. Macoma of spat size are more tolerant of such conditions than larger ones (Ratchffe et al., 1981}. G r o w t h a n d c o n d i t i o n. Both mean annual growth rates and condition factors at the end of the growing season were higher at low than at high intertidal levels (Fig. 8} . In the St. Lawrence estuary, Harvey & Vincent (1989 also observed more rapid growth at lower elevations, but Green {1973) and Bachelet {1980) found the reverse relationship in the Hudson Bay and the Gironde estuary, respectively. Local conditions and way of feeding appear to be important. For suspension feeders, lower levels would mean longer immersion times and thus longer daily feeding periods. Suspension-feeding" bivalves generally grow more rapidly at low elevations (Peterson & Black, 1988) . Though from a morphological point of view Macoma are deposit feeders, they are also able to filtrate the overlying water. Depending on the type of habitat, they behave primarily as either deposit or suspension feeders {Olafsson, 1986}. In the Balgzand area, adult h4acoma appear to obtain most of their food from the overlying water and not from the sediment surface (Hummel, 1985; Kamermans, 1992) . R e p r o d u c ti o n. In the St. Lawrence estuary, Harvey & Vincent (1989) observed that Macoma hying at lower intertidal levels produce more gametes than those hying at higher levels. Gamete production in this area is largely assured by the small populations living low in the intertidal.
The Summary (Table 1) of the most suitable habitats for spat and adult Macoma shows that for roughly the same factors (growth, and some factors affecting survival) the upper intertidal provide better conditions for spat, whereas the lower intertidal is more favourable for adults. Thus, Macoma of the two life stages generally live in the habitat that is most favourable to them. They reach it by timely migration, the net result of which is in the optimal direction, shoreward immediately after larval settlement and offshore after having reached a length of ~0.5 cm. The two mass moves are thus clearly functional: they belong to an adaptive strategy.
Several more species of bivalves are able to migrate by thread drifting (examples are mentioned in Beukema & de Vlas, 1989 ), but so far the possible functions of this ability Table i . Summary of differential optimal levels (H = higher half and L ---lower half of the intertidal) for various life-history aspects of spat (first summer of hfe) and adult {more than 1-year-old} Macoma Swennen & Ching (1974}, Lim & Green (1991}, Hulscher (1973}; 6: Harvey & Vincent {1989}; 7: Harvey & Vincent (1991}; 8: Green (1973}; 9: Bachelet (1980} have hardly been investigated. These species might provide additional examples of migrations to avoid unfavourable conditions for certain hfe stages, thus adjusting distribution patterns of successive hfe stages to their specific demands. In the Wadden Sea, the intricate hfe history of the lugworm Arenicola marina, as described by Farke et al. (1979) and Reise (1985) , would be another example. Apparently, the newly-settled posflarvae of Macoma migrate shoreward primarily to avoid the high predation pressure on small animals that is so prevalent in the lower intertidal (Reise, 1983 (Reise, , 1985 . The more severe physical and biological disturbance and the lower growth rates in the lower zone would render them more vulnerable to predators specialized in small prey (such as the extraordinarily dense populations of juvenile shrimps, shore crabs and fishes). As Reise (1985) rightly remarks, predation appears to be the most important biological interaction and the most important structuring force on tidal flats. Predatory pressure, then, may have been the driving force in the evolution of the well-developed migratory abilities in newly-settled Macoma.
Once the spat has grown up within the refuge in the upper intertidal, they have to move back to lower and more offshore areas. Individuals staying in the upper zone would soon experience difficulties with their energy balance, as judged from the low growth rates and reproductive outputs (cf. Harvey & Vincent, 1989) . If high numbers stayed in the upper zone, the situation would become even worse by negative density effects, as Vincent et al. (1989) observed -particularly in the upper parts of the intertidal zone. Other disadvantages of staying in the upper zone would include more infestation by parasites, a higher loss to wading birds, and occasional exposure to lethally high temperatures.
In conclusion: the successive mass moves of Macoma, which ensure that the successive hfe stages reach the most suitable intertidal level in time, contribute to the success of the species in the Wadden Sea. All different types of habitats within the Wadden Sea are easily reached by the spat migrating in winter over long distances with the help of long mucous threads {S6rhn, 1988; Beukema & de Vlas, 1989) . Thus a re-population takes place every year in areas where younger hfe stages could not generally survive in any number due to the heavy predation pressure exerted by numerous epibenthic predators (shrimps, shore crabs, fishes), particularly in the lower parts of the intertidal and in the subtidal. This may explain why Macoma balthica is the most common macrozoobenthic species of the Wadden S'ea. The wide distribution of the older stages further adds to the stability of the species by diffusing the risks of specific dangers which would operate fully in only some of the many habitats inhabited M. balthica is also a relatively stable species compared to the other, often violently fluctuating, bivalves in the Wadden Sea {Beukema et al., 1983) . The use of a refuge by juveniles effectively prevents the complete recruitment failures in certain years so frequently observed in other bivalve species in the Wadden Sea {Beukema, 1992b). Thus, the first (shoreward, summer) move appears mainly to serve recruitment stability, whereas the second (downward, winter} migration primarily ensures the spread of the populations over a wide variety of habitats.
